Abstract. β-catenin is a multifunctional protein that is involved in cellular structure and the Wnt/β-catenin signaling pathway. Wnt/β-catenin signaling is believed to be an inducer of cell proliferation in different tumors. However, in certain physiological contexts β-catenin also promotes apoptosis. High levels of β-catenin are found in a number of cancer cell types. Recent studies have shown that β-catenin may be correlated with carcinogenesis. Its effects and interaction with interferon (IFN)γ signaling in hepatocellular carcinoma (HCC) cells remains unknown. In the present study, high levels of β-catenin did not induce antiproliferative effects or apoptosis and did not lead to changes in the levels of caspases or activated STATs. However, high levels of β-catenin did cause positive p53 accumulation and Bcl-XL downregulation in HepG2 cells, a HCC cell line. When treated with IFNγ, apoptosis was induced more rapidly compared with cells with low β-catenin levels (P<0.05), whereas caspases 3, 8 and 9 were markedly activated. The caspase inhibitor Z-VAD-FMK and the STAT3 inhibitor blocked this IFNγ-induced apoptosis. Therefore, we report that high levels of β-catenin promote IFNγ-induced apoptosis in HCC in a caspase-and STAT3-dependent manner, and facilitate the activation of executor caspases, possibly via regulation of p53 and Bcl-XL levels. These findings may provide foundations for the development of new IFN-based therapies against liver cancer.
Introduction
There are three types of interferons (IFNs): type I, II and III (1, 2) . The signaling pathway induced by all IFNs is the JAK/STAT pathway, in which different STAT proteins play critical roles (3) . IFNγ is the only type II IFN and is involved in a broad spectrum of immune regulations, including antiviral and antitumor activities. One of the dominant mechanisms of these activities is facilitating the induction of apoptosis in the affected cells (4) .
Apoptosis, also known as programmed cell death, is one of the most important mechanisms for antiviral and antitumor activities, and is induced by a number of cytokines (5) . It is primarily executed by caspases, the cysteine aspartate-specific proteases (6,7). There are two major pathways, one mediated by mitochondria (intrinsic pathway) and another mediated by death receptors (extrinsic pathway), both of which lead to activation of caspases (5, 8, 9) . Activated caspases cleave different cellular proteins causing genomic DNA fragmentation, cell morphology changes and, eventually, cell death. Other proteins, including p53 and Bcl-XL, have also been reported to be critical in the apoptosis signaling pathway (10) . Regulations between these proteins and the β-catenin pathway have been reported in several cancer cell types, but not in hepatocellular carcinoma (HCC) cells (11) (12) (13) (14) .
β-catenin is a key component of the Wnt/β-catenin signaling pathway, and a mediator for the Ras/phosphatidylinositol 3-kinase (PI3K) pathways (15, 16) . Active β-catenin interacts with transcription factors such as T cell factor/lymphoid enhancer (TCF/LEF), CBP and p300, leading to target gene transcription. The downstream biological activities mediated by active β-catenin include differentiation, survival and proliferation. In addition, active β-catenin also binds to cadherins in the cell membrane to provide structural support for adhesion (17, 18) . The Wnt signaling pathway is also involved in the carcinogenesis of a number of types of cancer and is commonly believed to be a survival pathway. There are only a few reports of its contribution to apoptosis induction (12) (13) (14) 19, 20) . Nothing has been reported concerning the effects of high levels of β-catenin on IFNγ signaling in HCC cells.
Previously, we studied the regulation of IFNγ and the β-catenin/Wnt signaling pathway in human astrocytes (21) . In the present study, we intended to investigate the effect of upregulated β-catenin on IFNγ-induced apoptosis in human liver carcinoma cells, the molecular mechanisms by which this occurs. Immunofluorescence staining and flow cytometry analysis.
Materials and methods

Reagents
Flow cytometry was performed as described previously (21) .
To detach HepG2 cells without cleaving surface proteins, they were incubated with 1 mM EDTA for 5 min and then washed and suspended in 1X PBS. Cells were stained with appropriate target antibodies and isotype antibodies using conventional surface-and/or intracellular-staining methods. When both surface and intracellular staining was desired, cells were first fixed and made permeable using BD Cytofix/Cytoperm Fixation and Permeating Solution (BD Pharmingen; San Diego, CA, USA), followed by staining for intracellular proteins. Cells were then washed extensively with 1X PBS to remove excess antibodies, stained for extracellular targets, and fixed with 2% formaldehyde. Fluorescence was evaluated with a FACS Caliber flow cytometer, and data analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Proliferation and cell viability assays. Cell viability assays were performed as previously described (22, 23) . Briefly, to determine cell viability, equal amount of cells (10 5 cells/well) were plated in 6-well plates and transfected and/or treated, as indicated in the text. Dead cells lost their attachment and were washed away by 1X PBS. Viable (adherent) cells were released from the wells by trypsinization prior to cell counting.
TUNEL assay. TUNEL assay to determine DNA fragmentation in apoptotic cells was performed according to the manufacturer's instructions (Promega Corporation, Madison, WI, USA). Briefly, 3-5x10 6 cells were trypsinized, washed twice with cold PBS, fixed in 4% paraformaldehyde at 4˚C for 20 min, washed again with PBS and made permeable with 0.5 ml 0.5% saponin at 22˚C for 5 min. The cells were washed with PBS, incubated with 80 µl equilibration buffer at 22˚C for 5 min, washed with PBS, re-suspended in 50 µl Nucleotide Mix and incubated in the dark at 37˚C for 1 h. Cells were washed again with PBS then analyzed by fluorescence microscopy.
Statistical analysis. Statistical analyses were performed using Prism software (GraphPad Prism). Untreated and treated groups were compared using the Student's t-test when the data were normally distributed. When the data showed abnormal distribution, the two groups were compared using the nonparametric Mann-Whitney U test. All tests were two-tailed. P<0.05 was considered to indicate a statistically significant difference.
Results
Excess β-catenin promotes IFNγ-induced apoptosis in
HepG2 cells. To upregulate β-catenin, we transfected HepG2 HCC cells with a constitutively active construct of β-catenin (β-catenin pcDNA). Being controls, equal amount of HepG2 cells were transfected with cognate vector (Mock) and GFP construct (GFP) respectively. To test the efficiency of the transfection, the level of GFP and active β-catenin was determined by flow cytometry, and the results are shown in Fig. 1A and B, respectively. Compared with Mock-and GFP-transfected cells, the levels of β-catenin in β-catenin pcDNA-transfected cells were significantly elevated (P<0.05).
HepG2 cells transfected with β-catenin pcDNA, cognate vector (Mock) or GFP construct (GFP) were left untreated and treated with IFNγ (100 ng/ml) for 72 h, and viable cells were counted under a microscope. The results demonstrated that, compared with untreated controls, IFNγ reduced viable cell counts in all three groups of transfected cells, but most significantly in cells which expressed excess β-catenin (P<0.05). Upregulated β-catenin alone in HepG2 cells did not affect cell proliferation (P>0.05; Fig. 1C ).
To determine whether apoptosis was induced by IFNγ in HepG2 cells, TUNEL assay was used to detect DNA fragmentation in apoptosis, and was performed on β-catenin pcDNA-and cognate vector (Mock)-transfected HepG2 cells, treated with or without IFNγ for 72 h. The fluorescence was elevated by 2.5-fold in the IFNγ-treated Mock-transfected cells and 5.5-fold in cells expressing excess β-catenin (Fig. 1D) . IFNγ-induced apoptosis was promoted in HepG2 cells with high levels of β-catenin.
β-catenin upregulation leads to changes in signaling components in apoptosis pathway. We next investigated whether levels of signaling components in the apoptosis pathway were changed due to β-catenin upregulation. Levels of activated caspase 3 ( Fig. 2A), 8 (Fig. 2B) and 9 (Fig. 2C) were tested, and found to be increased 2-, 2-and 1.5-fold in HepG2 cells transfected with cognate vector (Mock) or GFP and 4-, 4-and 2-fold in HepG2 cells with excess β-catenin, when treated with IFNγ (100 ng/ml) for 72 h, compared with untreated cells (P<0.05), respectively.
Previous studies have reported that, due to high levels of β-catenin, p53 was accumulated and the Bcl-XL level was decreased (11) (12) (13) (14) . p53 is a proapoptotic cellular protein, while Bcl-XL is antiapoptotic. Both are vital components in carcinogenesis (10) .
In the present study we tested p53 and Bcl-XL levels in HepG2 cells transfected with β-catenin pcDNA or its cognate vector (Mock). The results indicated that, when β-catenin was upregulated, the p53 level was elevated and the Bcl-XL level was reduced ( Fig. 2D and E) .
Roles of STATs and caspases in IFNγ-induced apoptosis in
HepG2 cells with excess β-catenin. To further identify the key signaling components for IFNγ to induce apoptosis in HepG2 cells that express excess β-catenin, we used inhibitors for STAT1, STAT3 and caspases. In a previous study, we demonstrated that STAT1 and STAT3 were induced by IFNγ in human astroglioma cells, in which STAT3 played a key role in the regulation of the β-catenin pathway (21) . In the present study, we confirmed the STAT1 and STAT3 activation induced by IFNγ, and the effects of STAT1 inhibitor, FLUD, and STAT3 inhibitor, S3I, in HepG2 cells with high levels of (Fig. 3A and B) . Apoptosis induction in the presence or absence of FLUD or S3I was then tested by TUNEL assay, and results showed that FLUD partially blocked IFNγ-induced apoptosis, while S3I completely suppressed it (Fig. 3C and D) . These results demonstrated that STAT3 is critical for IFNγ-induced apoptosis in HepG2 cells with high levels of β-catenin. We have demonstrated that caspases were induced by IFNγ in HepG2 cells with upregulated β-catenin. We then tested their necessity. The pancaspase inhibitor Z-VAD-FMK was used.
Caspases 3, 8 and 9 were blocked by Z-VAD-FMK (Fig. 4A-C) and IFNγ-induced apoptosis was also inhibited, as demonstrated by the results of the TUNEL assay (Fig. 4D) . These data illustrate that the apoptosis induced by IFNγ in HepG2 cells with high levels of β-catenin is caspase-dependent.
Discussion
Although β-catenin pathway is recognized as a well-known enhancer of proliferation and survival in tumor cells, its overexpression or accumulation has also been reported to induce apoptosis in fibroblasts and multiple myeloma cells, as well as several other tumor cell lines (12) (13) (14) 19, 20, 24) . Raab et al demonstrated that inhibition of PKC led to accumulation of active β-catenin, which contributes to enzastaurin-induced cell death in multiple myeloma cells (20) . Other studies have shown that constitutively active β-catenin triggered p53-dependent growth arrest in fibroblasts and endometrial carcinoma cells (12, 13) . However, Kim et al reported the induction of apoptosis independent of p53 status and LEF-1 activation by β-catenin, when it was overexpressed in colon cancer or HeLa cells (14) . Overexpression of a stable form of β-catenin or inhibited endogenous β-catenin degradation has been reported to lead to G2 cell cycle arrest and apoptosis in epidermal keratinocytes (24) . Nevertheless, the ability of β-catenin to induce apoptosis has been discovered but not well characterized. In the present study, we found that overexpression of β-catenin alone did not promote apoptosis in liver carcinoma cells. However, when combined with IFNγ stimulation, apoptosis was markedly induced compared with Mock-transfected liver carcinoma cells. In addition, we aimed to identify key modulators in this regulation. Studies concerning the regulation of the β-catenin pathway by IFNγ have been published (21, 25) . We have shown that the β-catenin pathway regulates IFNγ signaling.
In this study, we showed the proapoptotic effect of accumulated β-catenin in IFNγ-treated liver carcinoma cells. The active β-catenin was upregulated by transfection of a plasmid containing sequence of a constitutively active β-catenin (β-catenin pcDNA). High levels of β-catenin alone did not affect the proliferation of transfected HepG2 cells, but promoted IFNγ-induced apoptosis compared with data of Mock-transfected cells, confirmed by TUNEL assay (Fig. 1) . In other studies, upregulated β-catenin alone led to apoptosis in specific cell lines (11, 12, 14) , which is different from the results of the present study in HepG2 cells.
We next found that excess β-catenin further promoted the IFNγ-induced activation of caspases 3, 8 and 9, upregulated the p53 level and downregulated Bcl-XL, compared with Mock-transfected cells (Fig. 2) . It is known that IFNγ induces caspases 3, 8 and 9 in certain cell lines, including glioblastoma and conjunctival epithelial cells (26, 27) . In the present study, we demonstrated that IFNγ induced these caspases in HCC cells, and that their activation was enhanced by β-catenin overexpression. It has been reported that excess β-catenin results in p53 accumulation (11) (12) (13) , which is consistent with our findings. We also showed that excess β-catenin downregulated Bcl-XL in HCC cells, which is in accordance with the study by Kim et al, where Bcl-XL inhibited the apoptotic effects of excess β-catenin (14) . 
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We further investigated the importance of several key signaling components in IFNγ-induced apoptosis. We used STAT1, STAT3 and caspase inhibitors (FLUD, S3I and Z-VAD-FMK, respectively) to inhibit specific signaling proteins, and observed their effects on IFNγ-induced apoptosis in cells expressing stable β-catenin. STAT1 and STAT3 are induced by all IFNs, including IFNγ, and are critical signaling components in the JAK/STAT pathway (3). Z-VAD-FMK has been reported to be able inhibit most caspases to block IFNγ-induced apoptosis in HT29 colorectal carcinoma cells (28) . We found that STAT3 and caspases, but not STAT1, were indispensible for apoptosis induction (Figs. 3 and 4) . This is consistent with the results of our previous study in human astroglioma cells, in which IFNγ regulates the β-catenin pathway in a STAT3-dependent manner, in which STAT1 it is not necessarily involved (21) .
The β-catenin pathway is generally considered a survival signaling pathway, but the results of the present study, along with several others, clearly describe its positive roles in apoptosis induction (11) (12) (13) (14) 20) . It remains unclear as to which mechanisms it employs to trigger apoptosis. There may be a molecular 'detector' to monitor β-catenin levels, which may be extremely high in cancer cells. When the level of β-catenin reaches a certain threshold level, the detector triggers apoptosis, with or without additional stimulation, for example, by IFNγ. This hypothesis requires further investigation. IFNγ is a strong immune modulator, and has a broad effect on the immune system (4). New findings on the interaction between the β-catenin and IFNγ pathways may aid the understanding of the cellular signaling network, the identification of the potentials of β-catenin and IFNγ signaling and the development of approaches to manage different types of cancer.
We have identified the potential of the β-catenin pathway in promoting apoptosis induction. It is possible that the upregulation of β-catenin in cancer cells may induce apoptosis and eliminate cancer cells. Further studies are required to test this hypothesis. There are chemicals, such as DKK1 neutralizing antibody, that upregulate β-catenin (21) and which may be used to promote IFNγ-induced apoptosis in liver cancer cells.
In conclusion, we have revealed the regulation of the IFNγ signaling pathway by the β-catenin pathway in liver cancer cells. We have shown in this study that the overexpression of β-catenin in HCC cells promoted IFNγ-induced apoptosis, possibly via the regulation of p53 and Bcl-XL levels. The apoptosis was STAT3-and caspase-dependent. These findings extend our knowledge of the Wnt/β-catenin pathway and its interaction with the IFN signaling pathway, which may aid the development of new strategies to manage liver cancer.
